Capsular polysaccharide (CPS) is a major virulence factor in Streptococcus pneumoniae. CPS gene clusters of S. pneumoniae types 4, 6B, 8, and 18C were sequenced and compared with those of CPS types 1, 2, 14, 19F, 19A, 23F, and 33F. All have the same four genes at the 5 end, encoding proteins thought to be involved in regulation and export. Sequences of these genes can be divided into two classes, and evidence of recombination between them was observed. Next is the gene encoding the transferase for the first step in the synthesis of CPS. The predicted amino acid sequences of these first sugar transferases have multiple transmembrane segments, a feature lacking in other transferases. Sugar pathway genes are located at the 3 end of the gene cluster. Comparison of the four dTDP-L-rhamnose pathway genes (rml genes) of CPS types 1, 2, 6B, 18C, 19F, 19A, and 23F shows that they have the same gene order and are highly conserved. There is a gradient in the nature of the variation of rml genes, the average pairwise difference for those close to the central region being higher than that for those close to the end of the gene cluster and, again, recombination sites can be observed in these genes. This is similar to the situation we observed for rml genes of O-antigen gene clusters of Salmonella enterica. Our data indicate that the conserved first four genes at the 5 ends and the relatively conserved rml genes at the 3 ends of the CPS gene clusters were sites for recombination events involved in forming new forms of CPS. We have also identified wzx and wzy genes for all sequenced CPS gene clusters by use of motifs.
Streptococcus pneumoniae is an important human pathogen causing invasive diseases such as pneumonia, bacteremia, and meningitis. Control of pneumococcal diseases is being complicated by the increasing prevalence of antibiotic-resistant strains and the suboptimal clinical efficacy of existing vaccines. The capsular polysaccharide (CPS) of S. pneumoniae is essential for virulence because it protects S. pneumoniae from the nonspecific defence system of the host organism. All fresh isolates from patients with pneumococcal infection are encapsulated, and spontaneous nonencapsulated derivatives of such strains are almost completely avirulent (7) .
Ninety different CPS types have been identified so far by immunological and chemical techniques (31) . Each has a structurally distinct CPS, composed of repeating oligosaccharide units joined by glycosidic linkages. CPS production requires a complex pathway, including synthesis of the activated monosaccharide nucleotide precursors, sequential transfer of each sugar to a lipid carrier to form repeating CPS units, and subsequent polymerization, export, and attachment to the cell surface. The exception to this is type 3 CPS, which has a very simple CPS structure and appears to be synthesized by a processive transferase (6) . Classic genetic studies carried out by Austrian et al. (8) demonstrated that the genes encoding CPS biosynthesis are closely linked on the S. pneumoniae chromosome. The first complete CPS gene cluster sequence was published in 1995 (4, 21) and, after a recent series of publications, sequences are available for CPS types 1, 2, 3, 14, 19F, 19A, 19B, 23F, 33F, and 37. In all cases the gene cluster is between the dexB and aliA genes (28) , although types 3 and 37 are special cases (see Results and Discussion). As found in some other polysaccharide antigen gene clusters (11, 27, 33, 40, 41, 45, 66, 68, 79) , the S. pneumoniae capsule locus has a cassettelike organization with type-specific CPS genes being flanked by genes that are common to all or many CPS types. The cassettelike arrangement of CPS genes may allow S. pneumoniae to change CPS types since the regions of homology can mediate the recombinational exchange (9, (13) (14) (15) (16) 55) . Further characterization of other S. pneumoniae CPS gene clusters can provide the detailed knowledge needed to expand our understanding of the origins of variation in capsular polysaccharides. Our previous work on O antigen, a polymorphic polysaccharide on the surface of most gram-negative bacteria, has suggested that interspecies gene transfer could be a general mechanism for generating polymorphism. Studies on the S. pneumoniae CPS, which is as polymorphic as O antigen, will facilitate our understanding of the origin of the extensive polymorphism of the bacterial cell polysaccharides.
Studies on the genetic determinants of CPSs would also contribute to unravelling the CPS biosynthetic pathways, which could, for example, open up the prospect for the design of inhibitors capable of obstructing the expression of this virulence factor.
We report here the sequences of CPS gene clusters for types 4, 6B, 8, and 18C. These CPSs are all included in the 23-valent vaccine (65) , and the pneumococci of CPS types 6, 4, 8, and 18 are ranked second, eighth, ninth, and tenth, respectively, among sterile-site isolates (69) . We also present data on the diversity of CPS genes based on comparisons of our sequence data and also published data on other CPS types. During the course of this study, the type 8 CPS gene cluster has also been sequenced by another group (52) and that of type 4 can be found in the currently unannotated TIGR genome database (http://www.tigr.org.) as part of type 4 S. pneumoniae genome. The two sequences are very similar to ours. For the type 4 CPS gene cluster, the major difference is that the first 348 bases, part of dexB in isolate WCH35 match no sequence in the corresponding region of contig spn_9 but match a sequence in contig spn_131 (5,394 to 5,047 bp), implying a sequence inserted between two parts in the TIGR isolate. The remaining 20,210 bp are almost identical in the two sequences with only 4 bp differences. There is at least threefold highquality sequence coverage for each query region in our sequence, and the differences probably arise from sequence variation among isolates of type 4 S. pneumoniae. For type 8, 18 base differences were found in the 13,746-bp DNA, with 6 in the 5Ј intergenic region and 12 within CPS genes. Again, there is at least threefold high-quality sequence coverage for each query region in our sequence, and the observed differences again probably represent variation among different isolates of type 8 S. pneumoniae.
MATERIALS AND METHODS

Bacterial
Gene nomenclature. Genes were named ( Fig. 1 ) according to the bacterial polysaccharide gene nomenclature (BPGN) system (62) (www.microbio.usyd.edu.au/BPGD/default.htm), a system applicable to all species that distinguishes different classes of genes and provides a single name for all genes of a given function. The names also comply with the Demerec scheme (19) generally applied in bacteria, including S. pneumoniae. The BPGN system is widely used but not previously in S. pneumoniae, and to facilitate comparisons we have included BPGN names in parentheses in Fig. 1 , where the genes are also present in one of the four new gene clusters, and in the text for some general comments.
General organization. The general organization of the four new clusters is similar to that of other S. pneumoniae CPS clusters except for those of types 3 and 37 ( Fig. 1) . They are located on the chromosome between dexB and aliA, with a cassette-like structure: type-specific genes are flanked by highly homologous genes common to all or many gene clusters. The 5Ј portion contains four conserved genes thought to be involved in the regulation and export of CPS. This is followed by a central type-specific region, which encodes glycosyltransferases, a CPS polymerase and a CPS repeat unit flippase. The 3Ј region encodes enzymes for the biosynthesis of activated monosaccharide precursors, some of which are common to several CPS types, e.g., those encoding dTDP-L-rhamnose and UDP-glucuronic acid synthesis. Although genes for pathway enzymes generally follow the structure and assembly genes, there are cases where this does not apply absolutely, e.g., a biosynthesis pathway gene (cps19cK) preceding a transferase gene (cps19cS) in the type 19C CPS gene cluster (Fig. 1) . The type 37 CPS gene cluster is not shown in Fig. 1 since its homopolymer CPS biosynthesis is driven by a single gene (tts) located far apart from the usual location (46): its redundant cryptic "classical" CPS gene cluster is virtually identical to that of type 33F with some genes inactivated by mutations. (22) , and for the orf3 and orf4 we propose wzd and wze to comply with the Demerec system and the principle of consistent nomenclature for bacterial polysaccharide genes. Wzd proteins are very similar to the N-terminal part of Wzc proteins, possessing two transmembrane segments and a cytoplasmic loop, whereas Wze proteins are similar to the C-terminal part of Wzc proteins, bearing an ATP-binding motif.
All S. pneumoniae CPS gene clusters have similar genes for orf1 and likewise for orf2. The same pair of genes is also present at the 5Ј end of several other Streptococcus spp. capsule gene clusters (AF118389, Y17218, Y27241, Y17221, AB028896, Z98171, AF053346, and X94980), and it seems appropriate to give them a common name suitable for more general use; we propose wzg and wzh. S. pneumoniae Wzg proteins show approximately 26% identity to Bacillus subtilis LytR, which is involved in the regulation of the autolysin (lytABC) operon (42) . Hence, Wzg proteins have been predicted to play a role in the regulation of CPS synthesis. The function of Wzh is unknown.
Nucleotide sugar biosynthesis genes. Nucleotide sugar biosynthesis genes are generally located in the 3Ј portion of CPS gene clusters. However, genes encoding enzymes necessary for the synthesis of sugar with housekeeping functions are generally not found in CPS gene clusters but the functions are provided from other pathways. Of the sugars present in the capsules studied, Glc is generally transferred from UDP-Glc, synthesized by a housekeeping gene of which we found a copy in the partial nucleotide sequence of the genome of type 4 S. pneumoniae, being an orf (from 8,550 to 9,449 bp of contig sp_113) that encodes a protein 44% identical to GalU of E. coli, the glucosyl-1-phosphate uridylyltransferase for the synthesis of UDP-Glc. We also found an orf (from 3,900 to 5,000 bp of contig sp_66) that encodes a protein 53% identical to GalE of E. coli, the UDP-glucose-4-epimerase for the conversion of UDP-Glc to UDP-Gal, and an orf (from 902,051 to 903,055 bp of contig sp_3475) encoding a protein 56% identical to Gne (previously also named GalE) of Yersinia enterocolitica O8, now shown to be a 4-epimerase for conversion of UDP-GlcNAc to UDP-GalNAc (M. Skurnik, personal communication). It is therefore as expected that none of these genes were found in the gene clusters for CPSs contain these residues.
We have found as discussed below the genes needed for the biosynthesis of activated precursors of all other residues in the representative gene clusters for types 4, 6B, 8, and 18C CPSs.
dTDP-L-Rha biosynthesis genes. We expect genes for dTDP-L-Rha in types 6B and 18C CPS gene clusters. Four genes from type 6B (orf11-14) and type 18C (orf15-18) are identified as rmlA (glucose-1-phosphate thymidylyltransferase), rmlC (dTDP-4-keto-6-deoxyglucose-3,5 epimerase), rmlB (dTDP-glucose-4,6-dehydratase), and rmlD (dTDP-Lrhamnose synthase), respectively, by the high level of identity to other rml genes, and particularly those of S. pneumoniae 19F (identity from 90 to 99%) (51) .
UDP-D-Man2NAc biosynthesis gene. We expect a gene for the biosynthesis of UDP-D-Man2NAc in type 4 CPS synthesis. orf12 shows 65.9% identity to cps19fK of type 19F S. pneumoniae CPS gene cluster, which can complement an E. coli mnaA (wecB) mutation (51) . MnaA is a UDP-N-acetylglucosamine 2-epimerase for the conversion of UDP-GlcNAc to UDP-Man2NAc. Also, Orf12 has 57.2% identity to Cap5P and Cap8P of S. aureus, which complement the same E. coli mnaA mutation (68 (26, 34, 37, 48, 49) and that of B. fragilis polysaccharide B includes L-Fuc2NAc (L. Comstock, personal communication). We propose that the three genes encode enzymes for the biosynthesis of the L-Fuc2NAc precursor, thought to be UDP-L-Fuc2NAc (70) .
On this basis we propose a putative four-step (three-enzyme) biosynthetic pathway for UDP-L-Fuc2NAc from UDPGlcNAc. The proposed pathway begins with 2-epimerization of UDP-GlcNAc to UDP-D-Man2NAc by the protein products of orf13. Orf13 and Orf14, together with their homologues encoded by the other five gene clusters, have consensus NADbinding domains (GxxGxxG) near their N termini, which is thought to be important for the activity of epimerases and dehydratases. Orf14 shares 42% similarity over the whole length with Gmd of E. coli K-12 colanic acid biosynthesis gene cluster (72) . Gmd is a dehydratase catalyzing the formation of GDP-4-keto-6-deoxy-D-mannose from GDP-D-Man. Thus, we propose that Orf13 carries out the epimerization step (first step) and Orf14 carries out the dehydration step (second step) to form UDP-4-keto-6-deoxy-D-Man2NAc. The third step is to form UDP-L-Fuc2NAc from UDP-4-keto-6-deoxy-DMan2NAc by two reactions: epimerization and oxidoreduction both by Orf15. Orf15 shares 45% similarity over the whole length with Fcl (3), an enzyme with both epimerization and oxidoreduction activities for the final two steps in formation of GDP-L-Fuc from GDP-4-keto-6-deoxy-D-mannose.
This proposal is different from the one put forward by Lee and Lee (43) . In support of our proposal, we note that in both proposals the pathway starts with UDP-D-Man2NAc, synthesized by the well-documented mnaA gene. However, mnaA is not present in P. aeruginosa O11 or E. coli O26, which lack UDP-Man2NAc in the polysaccharide. Since orf13, orf14, and orf15 are the only genes common to all known gene clusters for repeats with L-Fuc2NAc, we prefer a three-enzyme pathway from UDP-GlcNAc. However, a drawback in our proposed pathway is that we assign the same function, 2-epimerization of UDP-GlcNAc to UDP-D-Man2NAc, to orf13 and mnaA in CPS4 of S. pneumoniae and the two homologous genes in CAP5 and CAP8 of S. aureus. Therefore, until there is direct confirmation of a pathway, we are not allocating final gene names but simply using ORF names for the three genes thought by both groups to be involved in synthesis of UDP-LFuc2NAc.
UDP-GlcA biosynthesis genes. We expect a gene for UDPglucuronic acid synthesis in type 8 S. pneumoniae. Orf12 shares high similarity with many published UDP-glucose-6-dehydrogenases (Ugd), which convert UDP-glucose to UDP-glucuronic acid. We have named this gene ugd. The homologues in the CPS1, CPS2, and CPS3 of S. pneumoniae gene clusters have a high level of similarity (76.3, 90.6, and 61.6% identity, respectively) to the CPS8 gene, and those of CPS1 and CPS3 have been shown by experiment to encode UDP-glucose-6-dehydrogenases (5, 53) 
CDP-glycerol biosynthesis gene. We expect a gene for the synthesis of CDP-glycerol-1-phosphate in S. pneumoniae type 18C. orf14 shows 61.9% similarity at the amino acid level with TagD, which was described as a glycerol-3-phosphate cytidyl transferase in the biosynthesis of the major cell wall teichoic acid of B. subtilis (56) . However, it should be noted that glycerol-1-phosphate and glycerol-3-phosphate are different names for the one structure, and we are using the designation glycerol-1-phosphate and the corresponding designation for the linkages in the polysaccharides. Glycerol-1-phosphate is the side-branch residue linked to galactose of 18C CPS. We propose that orf14 is responsible for the synthesis of CDP-glycerol-1-phosphate; we have named it gct, and we suggest that the same name could be used in place of tagD.
A nonfunctional UDP-galactopyranose mutase gene (glf). Two segments from positions 20539 to 20877 and from positions 20850 to 21353 at the end of the type 18C CPS gene cluster if translated show 63.6 and 51.8% identities with the N and C termini, respectively, of Glf, a UDP-galactopyranose mutase from E. coli, an enzyme for the conversion of UDPgalactopyranose (UDP-Galp) to UDP-galactofuranose (UDPGalf) (54) . It is likely that they are nonfunctional relics of a glf gene, which may once have been part of the CPS gene cluster of the ancestor of the type 18C strain(s).
Genes encoding the first transferases. The orf5 genes of CPS types 6B, 8, and 18C encode proteins with high sequence and hydrophobicity profile similarities. They are also very similar (71 to 95% identity) to the corresponding gene of CPS type 14, shown to encode a transferase transferring glucose-1-phosphate to undecaprenol phosphate. We suggest that these genes, which we have named wchA, have the same function as in CPS14. All are similar to WbaP, a galactosyl-1-phosphate transferase of the Salmonella enterica O-antigen gene cluster catalyzing the first step of O-antigen synthesis (33, 77) . They and WbaP differ from most other transferases by having a unique hydrophobic profile, with four and one predicted transmembrane segments, respectively, in their N-and C-terminal domains.
In CPS type 4, orf5 encodes a 211-amino-acid protein, which show 35.8 and 38.4% sequence identities, respectively, to the C-terminal domains of WchA and WbaP, with a very similar hydrophobic profile containing one potential transmembrane segment. It has been shown that WbaP is a bifunctional protein, with the C-terminal half having the transferase function (77) . We propose that orf5 of CPS type 4, which we have named wciI, also encodes the first glycosyltransferase. The substrate is not clear, but we believe it is not UDP-glucose since the type 4 CPS contains no glucose. Immediately upstream of orf5 is a "orf", which if translated gives a 44-residue polypeptide with 20% identity to the N-terminal half of WbaP. Thus, it is likely that in CPS type 4 the wciI gene was derived by deletion from a larger gene which included a functional N-terminal domain.
Genes encoding other transferases. In CPS types 4, 6B, 8, and 18C we detected four, three, three, and five additional putative transferase genes, respectively, in addition to the first transferase gene (Table 1) . In CPS type 8, a pair of genes, wciQ and wciR, probably encode two proteins for one glycosyltransferase activity, with one being an enhancer, as proposed for the S. pneumoniae CPS14 and Lactococcus lactis exopolysaccharide loci (39, 75, 76) . The total number of transferases genes is thus consistent with our expectation based on the number of linkages (Fig. 2) , and the potential assignments are discussed below.
WchF of CPS type 18C shares high-level identity with Orf6 (cps23fF/cps23fI) of type 23F (90.7% identity) and Orf6 (cps2T) of type 2 (82.8% identity), which are both putative rhamnosyl transferases for the addition of rhamnose to glucose. Thus, it is most likely that WchF is the expected rhamnosyl transferase. The high level of similarity of the three putative transferases suggests that all of the CPSs have the same rhamnose-glucose linkage. However, while rhamnose of types 2 and 23F CPSs was reported to be beta (32, 64) , that of type 18C was reported to be alpha (47) .
The assignments of the anomeric configuration of the rhamnose moieties of types 2 and 23F were strengthened by the fact that their Orf6 proteins group with other beta transferases in a retaining group of the Campbell et al. classification (12) , in which glycosyltransferases can be classified according to the stereochemistry of the reaction substrates as either retaining or inverting enzymes. Therefore, on the basis of these comparisons we suspect that rhamnose of 18C CPS has a beta structure. The assignment of the anomeric configuration of the rhamnose residue in 18C CPS was by chromium oxide degradation, and we have been advised by the author of that study, H. J. Jennings (personal communication), that while that method was generally used at that time, it is now known to be unreliable, and it is possible that an incorrect assignment was made. If we assume CPS2, CPS18C, and CPS23F all have a ␤-rhamnose moiety linked to ␤-D-glucose via 1-4 linkage, given the very high level of identity among the three it seems clear that all catalyze that linkage.
Assembly genes. The pathway for assembly of bacterial polysaccharides has been best studied in gram-negative bacteria, and three pathways are known (60, 80) . In the Wzy-dependent pathway, the repeat unit is synthesized on the inner face of the cytoplasmic membrane using undecaprenol pyrophosphate as the carrier and then transported across the cytoplasmic membrane by a flippase encoded by wzx before polymerization by Wzy to form O-antigen polymer. Wzx-and Wzy-like proteins were previously identified in other S. pneumoniae types based on sequence similarity and hydrophobic profiles. However, the sequence similarity even within a species is often very low for Wzx and Wzy, and distinguishing the two can be difficult because both are highly hydrophobic. In type 18C and 33F gene clusters three genes encode hydrophobic proteins with more than 10 transmembrane segments, further complicating the matter. We therefore carried out BLOCKMAKER and PSI-BLAST searches to identify Wzx and Wzy.
Each of the highly hydrophobic proteins was grouped with known or putative Wzx or Wzy proteins, and motifs were generated and used to search databases using PSI-BLAST. Only Wzx or Wzy proteins were retrieved (E values of Յ3 ϫ 10 Ϫ21 for Wzx and Յ4 ϫ 10 Ϫ26 for Wzy) after several iterations. On this basis we conclude that orf11 of type 4, orf10 of type 6B, orf9 of type 8, and orf10 of type 18C are wzx genes and that orf9 of type 4, orf9 of type 6B, orf11 of type 8, and orf11 of type 18C are wzy genes. We also identified wzx and wzy genes in all published S. pneumoniae CPS gene clusters except that for type 3 CPS, which is thought to have a similar export system to that of S. enterica O54 (36) . Most confirmed earlier assignments, but the wzy genes for types 1 and 33 CPS gene clusters were not identified previously.
Variation in wzg, wzh, wzd, and wze genes. The genes at the 5Ј and 3Ј ends of the gene clusters, where they are common to many CPS types, show interesting patterns in the level of similarity between forms. Morona et al. (50) reported two classes of wzd and wze genes based on hybridization of DNA of CPS types 19A and 19F with DNA from strains of other CPS types and also on the sequence analysis of wzd genes. We can now compare nucleotide sequences of wzg, wzh, wzd and wze genes from eleven CPS types ( Fig. 3 and 4) . The comparison confirms that the four conserved genes are divided into two classes, but we now see an interesting pattern of recombination between them (Fig. 4) . For the first 950 bp there is little variation, but from position 951 to the end of wze there are generally two forms, although CPS type 19A has a unique sequence to position 1529 in wzh. Types 1, 14, 18C, and 19F are in class I and types 2, 6B, 8, 19A, 23F, and 33F are in class II. CPS type 4 has a class II sequence to position 2463 and a class I sequence from that point onward. From position 951 in wzg to position 1747 in wzh there has been a lot of reassortment of the two sequence forms, with presumptive recombination events detected in wzg at positions 1118, 1125, 1146, 1153, 1245, and 1293 and in wzh at positions 1529, 1553, 1684, and 1747 (Fig. 4) . The distinction between the two classes is most evident from position 1747 to the end of wze, with only type 4 showing a recombination event (position 2463) between class I and II forms in this segment. The Southern hybridization results obtained previously (38, 50, 51, 59 ) are generally consistent with the more detailed sequence comparison seen here. The pairwise difference between sequences of different classes (excluding those small segments of the same class) ranges from 25.98 to 27.62%. The average pairwise differences of strains within class I or class II (excluding those small segments of the other class) are 2.40 and 3.86%, respectively.
Variation in wchA genes. The first transferase gene, wchA, is located immediately downstream of wze. Comparison of the nine wchA genes available revealed that they also fall into two classes, the pattern exactly following that of the preceding wze gene (Fig. 4) . This is in agreement with the previous Southern hybridization data (50) . wchA genes of class I average a 2.61% pairwise difference and those of class II average a 4.33% pairwise difference. Pairwise differences between genes of different classes range from 28.1 to 28.8%.
Variation in rml genes. The four rml genes are present in types 2, 6B, 18C, 19F, 19A, and 23F CPS gene clusters as expected and also in the type 1 CPS gene cluster, although rhamnose is not present in type 1 CPS (53) . The rml genes if present are always located at the 3Ј end of the CPS gene cluster and have the same gene order (rmlA, rmlC, rmlB, and rmlD). As for the first four genes in the CPS gene cluster, there is a gradient in the nature of the rml gene variation. The average pairwise difference for an rml gene close to the central region is higher than that for a gene close to the end of the gene cluster. This is similar to the situation we observed for rml genes of 11 S. enterica O-antigen gene clusters, where the genes are at the 5Ј end of the O-antigen gene cluster in the order rmlB, rmlD, rmlA, and rmlC. In this case, the average pairwise difference increases from rmlB to rmlC (44) , that is from 5Ј to 3Ј, the opposite of the situation in S. pneumoniae. However, we consider it very significant that in both cases the most variable gene is that adjacent to the central type-specific region, and the least variable gene is that at one end of the whole gene cluster.
The neighbor-joining method was used to construct individual gene trees for the rml genes, and the variation in topology of the four trees suggests that recombination events have occurred in this region. For example, there is a segment in rmlA for which 6B and 18C are very similar and another where 6B and 23F are similar but different from 18C. The latter situation continues into rmlC but, in much of rmlD, 6B is similar to 19A, which for most rmlA and rmlC is quite different from 6B and 18C and indeed from most other CPS types (Fig. 5) .
Recombination sites and lateral transfer of CPS gene clusters. The data on variation in 5Ј-terminal conserved genes (wzg-wchA) and rml genes can be compared with that in housekeeping genes. Seven housekeeping genes from 295 invasive isolates of S. pneumoniae (25) were aligned, and the Stephens test (71) used to detect recombination segments in the alleles of each gene. Both the Stephens test and visual examination indicated that the recombination frequency in the terminal CPS genes, especially wzg, wzh, rmlA, and rmlC, is much higher than in the housekeeping genes.
The high level of variation in terminal CPS genes resembles that of ddl, which is adjacent to pbpB, a gene which in some forms confers penicillin resistance. A segment of ddl sequenced from 566 S. pneumoniae isolates fell into two distinct groups (A and B) on a neighbor-joining tree (24) . Group A alleles were very similar and were thought to represent the sequence of S. pneumoniae. Group B included much more divergent alleles, which differed from group A at up to 10.2% of the nucleotide sites. All group B strains were penicillin resistant, and the high level of variation was ascribed to a hitchhiking effect whereby interspecies recombinational exchanges involving pbpB, selected by penicillin resistance, often extended into, or through, the ddl gene. The high level of sequence variation in the 5Ј end conserved genes (Fig. 3) , and the rml gene set (Fig. 5 ) may be driven in the same way by natural selection for the transfer of CPS genes rather than representing random genetic drift. There is a well-documented example (15) in which eight CPS type 19F variants of the major Spanish multiresistant CPS type 23F clone were found to have large recombinational replacements, including CPS genes. In two cases, one of the crossover points was within an rml gene, rmlC in one case and rmlB in the other.
The maximum pairwise difference observed within rmlA, between type 19A or type 2 and other CPS types (from 14.25 to 20.11%), is within the range for interspecies variation. For the 5Ј-end conserved genes, the maximum pairwise difference within wzd is 30.12%.
The wide distribution of rml genes could make them useful in studying the relationships of bacterial polysaccharide gene clusters, and this has been attempted for O-antigen gene clusters of S. enterica (44) , for which it appears that the two ends of the rml gene sets have different evolutionary histories. The correlation of 5Ј-end sequence variation with subspecies indicates that this part was in S. enterica prior to subspeciation and diverged with the subspecies. The 3Ј end sequence is O-antigen specific and may represent the O-antigen clusters as first acquired by S. enterica by lateral transfer from other species, the high level of sequence variation indicating the divergent sources for these gene clusters (44) . In the case of S. pneumoniae we do not have a subspecies structure, and we cannot draw any specific conclusion on the sources of rml genes. However, on the basis of the data presented above we suggest a similar evolutionary history.
The analysis of genes at the two ends of the CPS clusters also suggests that inter-and intraspecies transfer driven by selection for antigenic variations might have contributed to the distribution of the various S. pneumoniae CPS structures.
Concluding comments. Now that the number of CPS gene clusters sequenced has reached 14, we begin to see patterns emerging. There are enough sequences of both the wzg, wzh, wzd, and wze and the rmlACBD sets of genes to see the crossover events and to start a detailed analysis of the role of these sets of genes in facilitating transfer of CPS gene clusters within S. pneumoniae and perhaps between Streptococcus species. It is probably no coincidence that the rather common rml genes are at one end of both the S. pneumoniae capsule and the E. coli-S. enterica O-antigen gene clusters. This not only facilitates lateral transfer but also impedes disruption of a gene cluster by recombination between genes common to two clusters. However, even this role has an exception, and type 18C is the first CPS cluster to have a gene distal to the rml genes.
It is clear that, as in the E. coli and S. enterica O-antigen gene clusters, wzx and wzy genes are extremely divergent such that motif searches are needed to identify them convincingly.
Allocating pathway genes is becoming easier. For rmlA-D, ugd, gct, and mnaA, it is possible to find a good level of similarities (at amino acid level) to genes of known function. As for L-Fuc2NAc, the number of sequenced gene clusters has grown to enable the gene or genes of the pathways involved to be identified with reasonable confidence, even if they cannot be allocated to specific steps until the pathway is established.
